Abstract. The capacity to represent the world in terms of numerically distinct objects (i.e., object individuation) is a milestone in early cognitive development and forms the foundation for more complex thought and behavior. Over the past 10 to 15 yr, infant researchers have expended a great deal of effort to identify the origins and development of this capacity. In contrast, relatively little is known about the neural mechanisms that underlie the ability to individuate objects, in large part because there are a limited number of noninvasive techniques available to measure brain functioning in human infants. Recent research suggests that near-IR spectroscopy (NIRS), an optical imaging technique that uses relative changes in total hemoglobin concentration and oxygenation as an indicator of neural activation, may be a viable procedure for assessing the relation between object processing and brain function in human infants. We examine the extent to which increased neural activation, as measured by NIRS, could be observed in two neural areas known to be involved in object processing, the primary visual cortex and the inferior temporal cortex, during an object processing task. Infants aged 6.5 months are presented with a visual event in which two featurally distinct objects emerge successively to opposite sides of an occluder and neuroimaging data are collected. As predicted, increased neural activation is observed in both the primary visual and inferior cortex during the visual event, suggesting that these neural areas support object processing in the young infant. The outcome has important implications for research in cognitive development, developmental neuroscience, and optical imaging.
Introduction
The capacity to individuate objects-to determine whether an object currently in view is the very same object, or a different object, than seen before-is one of our most basic cognitive abilities. This capacity enables infants to represent the world in terms of numerically distinct objects that persist in space and time, and forms the foundation for more complex thought and behavior. Given the importance of object individuation to human cognition, a great deal of effort has been expended to identify the origins and development of this capacity ͑e.g., Aguiar and Baillargeon, 1 Baillargeon and Graber, 2 Bonatti et al., 3 Meltzoff and Moore, 4 Spelke et al., 5 Tremoulet et al., 6 Van de Walle et al., 7 Wilcox, 8 Wilcox and Baillargeon, 9, 10 Wilcox and Chapa, 11 Wilcox et al., 12 Wilcox and Schweinle, 13, 14 Xu, 15 and Xu and Carey 16 ͒. Most of these studies have used visual attention ͑i.e., looking time͒ methods to assess object individuation and have focused on the extent to which infants use featural information ͑e.g., shape, color, size͒ to signal the presence of distinct objects. In contrast, comparatively little is known about the neural mechanisms that support this capacity in human infants. One reason for this gap in knowledge is that there are a limited number of noninvasive techniques available to measure brain functioning in infants. Brain-imaging methods that can be used to identify the neural areas involved, such as functional magnetic resonance imaging ͑fMRI͒ and positron emission tomography ͑PET͒, are difficult to apply in awake infants. Other techniques, such as electroencephalography ͑EEG͒, event-related potentials ͑ERP͒, and magnetoencephalography ͑MEG͒, provide important information about the timing of neural responses but are limited in identifying the location from which the responses are generated. This has limited investigators in their efforts to systematically explore the functional development of object-processing pathways. There is, therefore, a critical need to identify new strategies to enable a delineation of the spatial and temporal relation between behavior and brain function in object processing in infants. One method that is currently under development is near-IR spectroscopy ͑NIRS͒, an optical imaging technique that measures changes in cerebral blood flow. This procedure is noninvasive, can be used during behavioral tasks, and provides temporal and spatial information about neural activation, making it ideal for infant research. The goal of the research presented here is to determine the extent to which NIRS is sensitive to changes in neural activation during an object processing task.
NIRS: A Measure of Brain Functioning
In NIRS, near-IR light is projected through the scalp and skull into the brain, and the intensity of light diffusely reflected is recorded. The modulation of the recorded intensity by localized changes in the optical properties of the brain is used as a measure of neural activation. There are currently two NIRS techniques that have applicability to address questions about the neural basis of object processing. One technique, often referred to as event-related optical signal ͑EROS͒, assesses the amount of near-IR light that is modulated by neural tissue during stimulus presentation ͑see Gratton et al. 17 and Gratton and Fabiani 18 ͒. This approach is based on the fact that the light-scattering properties of neural tissue change when neurons are active. Although the physiological mechanisms remain to be fully understood ͑it appears that ion movement across the neuronal membrane is involved͒, different patterns of light scattering are temporally well correlated with electric field changes.
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The second technique, and the one used in this research, utilizes changes in blood volume and hemoglobin oxygenation ͑i.e., hemodynamics͒ as an index of neural activation ͑see Meek, 22 Grinvald et al., 23 Strangman et al., 24 Villringer and Chance, 25 and Villringer and Dirnagl
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͒. This technique has been used with medically at-risk infants in the clinical setting, [27] [28] [29] [30] [31] [32] [33] [34] and more recently, its applicability in the experimental setting has been explored. [35] [36] [37] The rationale for this approach rests on the concept that neural activation in response to a stimulus results in increased energy demands in the area activated. To accommodate the demand for energy, cerebral blood flow ͑CBF͒ increases to the activated brain areas bringing oxygen and glucose. Changes in blood flow lead to an increase in blood volume and can be assessed by measuring local concentrations of oxyhemoglobin ͑oxygen-ated blood͒ and deoxyhemoglobin ͑deoxygenated blood͒. Typically, during cortical activation local concentrations of oxyhemoglobin (HbO 2 ) increase, whereas concentrations of deoxyhemoglobin ͑HbR͒ decrease. [38] [39] [40] [41] [42] However, some researchers 32, 39, 40, [42] [43] [44] [45] have reported an increase, rather than a decrease, in HbR. Although it is not entirely clear why an increase in HbR is sometimes observed, in infants it is assumed to be a less mature hemodynamic response. From the summated changes in HbR and HbO 2 , total hemoglobin ͑HbT͒ can be computed and is found to increase following brain activation. To capitalize on these changes, the low tissue absorption of near-IR light between approximately 650 and 950 nm is utilized. At these wavelengths, light is differentially absorbed by oxygenated and deoxygenated blood. 25, 46 Hence, measuring the light intensity modulation during stimulus presentation, and comparing it to the light intensity during a baseline event in which no stimulus is presented, provides important information about the hemodynamic response to brain activation ͑i.e., relative concentrations of HbO 2 and HbR͒. Evidence that there is a linear relationship between hemodynamics and neural activity 47 and that NIRS produces results consistent with other imaging techniques ͑fMRI and PET͒ used simultaneously, 48 -50 provides converging evidence that NIRS can provide a reliable measure of brain function. Finally, because hemodynamic responses to stimulation are much greater than changes in the light-scattering properties of neural tissue, resulting in a greater SNR, the hemodynamic technique is currently a more robust measure of neural activation than EROS.
The use of NIRS has several distinct advantages over other, more traditional brain-imaging techniques. One advantage is that, relatively speaking, NIRS has good temporal and spatial resolution. Brain signals can be routinely observed 40, 51, 52 with a temporal sampling resolution of 0.01 s, which is faster than that typically observed with fMRI. While the hemodynamic response to brain activation occurs on a 1-s time scale, the better temporal resolution offered by NIRS will, for instance, enable better distinction of signal contamination arising from systemic physiological signals and motion artifacts, better resolution of the hemodynamic onset, and potentially, enable direct measures of fast neuronal signals. In addition, the effects are localized within 1 to 2 cm of the area activated. 37 Compared to electrophysiological techniques ͑EEG, ERP, MEG͒, where source localization is very difficult, spatial resolution is quite good. A second advantage is that NIRS is totally noninvasive and nonionizing. Hence, it is safe to use with infants repeatedly and for extended periods of time. A third advantage is that it is relatively inexpensive, portable, and with the appropriate training, relatively straightforward to use. This makes NIRS particularly attractive to researchers in the experimental setting. One potential disadvantage of using NIRS is that, because near-IR light diffuses rapidly when entering neural tissue, it is unsuitable for investigating neural activation in structures deeper than approximately 2 to 3 cm below the surface of the brain. However, if the neural structures of interest fall on or near the surface of the cortex, as they do in our research, NIRS is an ideal neuroimaging technique.
Narrow-Screen Task: Behavioral Measure of Object Processing
One visual attention paradigm that is particularly sensitive to developmental changes in infants' capacity to individuate objects is the narrow-screen task. 8 -12,53 In this task, infants sit on a parent's lap facing a puppet-stage apparatus. Infants participate in a two-phase procedure that consists of a familiarization phase and a test phase. In the familiarization phase, infants are presented with a familiarization event on the stage of the apparatus, in which two featurally distinct objects ͑e.g., a ball and a box͒ emerge successively to opposite sides of a wide yellow screen. The two objects move in the same depth plane ͑i.e., along the same axis͒, so that it would not be possible for them to pass each other behind the screen without colliding. The yellow screen is wide enough to hide both objects, side-by-side, at the same time. The purpose of the familiarization trials is to acquaint the infants with the objects they will see in the test trials. In the test phase, infants are presented with a test event ͑Fig. 1͒ that is identical to the familiarization event except that the yellow screen is replaced with a blue screen that is either sufficiently wide ͑wide-screen condition͒ or too narrow ͑narrow-screen condition͒ to hide both objects simultaneously. If infants ͑1͒ perceive the different-features event as involving two separate and distinct objects, ͑2͒ recognize that both objects can fit behind the wide but not the narrow screen, and ͑3͒ find the narrow-but not the wide-screen event unexpected, then the infants in the narrowscreen condition should look reliably longer at the test event. Note that this hypothesis was generated based on evidence that young infants are sensitive to size violations. For example, infants aged 2.5 to 6.5 months detect when an object is too small to fit through an opening, behind a screen, or in a container. 54 -56 Wilcox and Baillargeon 9, 10 reported that when the objects varied on many feature dimensions ͑e.g., shape, pattern, color͒ infants 4.5 to 11.5 months of age looked reliably longer at the narrow-than wide-screen test event, suggesting that early in the first year, infants use featural differences to signal the presence of distinct objects. Data obtained in control experiments in which ͑1͒ the objects were made sufficiently small to fit behind either the wide or the narrow screen or ͑2͒ the same object was seen to each side of a wide or a narrow screen support this interpretation of the data. [8] [9] [10] [11] Finally, research utilizing other visual attention tasks 9, 14, [57] [58] [59] [60] [61] and recent data obtained in a reaching task 62 provide converging evidence for the conclusion that young infants can use featural information as the basis for individuating objects.
Neural Pathways That Support Object Processing
Where might we expect to observe neural activation in infants during an object individuation task that requires processing of featural information? The outcome of neurobehavioral, -anatomical, and -physiological studies in nonhuman primates indicates that there are two main routes for visual object processing. [63] [64] [65] [66] [67] [68] [69] [70] One pathway originates from the parvocellular layers of the lateral geniculate nucleus ͑LGN͒ and projects from the primary visual cortex to the inferior temporal cortex. This pathway, the ventral route, is important for the analysis of form, color, and pattern information. The other pathway originates from the magnocellular layers of the LGN and projects from the primary visual cortex to the posterior parietal cortex. This pathway, the dorsal route, is important for the analysis of motion, depth, and location information. More recent research using neuroimaging techniques with human [71] [72] [73] [74] and nonhuman [75] [76] [77] [78] [79] primates provides converging evidence to support the conclusion that the inferior temporal cortex mediates processing of visual features important for the recognition and identification of objects, whereas the posterior parietal cortex mediates processing of the spatiotemporal properties of objects.
Of particular relevance to this research is the ventral pathway. This pathway is most likely to be involved in the processing of objects that differ on many feature dimensions, like those used by Wilcox and Baillargeon. 10 Studies exploring the neural basis of object processing in infant monkeys suggest that the ventral route is operationally functional soon after birth, although it does undergo significant development during infancy. [80] [81] [82] [83] What has been left open to speculation is the extent to which the ventral pathway supports featurally based object processing in the human infant.
Presented Research
The purpose of the presented research is to identify the extent to which two areas in the ventral pathway-the primary visual and the inferior temporal cortex-respond to a visual event involving two featurally distinct objects. Neural activation, as measured by relative changes in cerebral blood flow, was assessed during a wide-screen ball-box event similar to the one depicted in Fig. 1 . Because we were primarily concerned with demonstrating that neural activation can be observed in young infants during an object-processing task, and there are already a number of behavioral studies indicating that 4.5-to 11.5-month-old infants interpret the ball-box event as involving two distinct objects, regardless of whether it is seen with a narrow or a wide screen ͑Wilcox and Baillargeon; 9,10 see also Wilcox and Schwienle 13 ͒, we did not test infants in a narrowscreen condition. Based on neuroimaging data recently reported by Taga et al., 37 we expected to observe increased neural activation in the primary visual cortex in response to the ball-box event. In addition, if the inferior temporal cortex is sufficiently mature to support featurally based object processing in the young infant, then increased neural activation should also be observed in this region of the brain.
Method

Participants
Participants were seven 6.5-month-old infants, five male and two female ͑M ageϭ6 months, 12 days, rangeϭ5 months, 14 days to 6 months, 25 days͒. Three additional infants were tested but eliminated from the sample because of large motion artifacts in the signals (Nϭ2) or failure to obtain adequate signals because of obstruction by hair (Nϭ1). ͑See Sec. 2.4 for the criteria used to eliminate data based on motion artifacts.͒ Infants' names were obtained from birth announcements in the local newspaper and commercially produced lists. Parents were contacted by letter and follow-up phone calls. Parents were offered reimbursement for their travel expenses but were not compensated for their participation. Informed consent was obtained from the parents before testing began.
Apparatus and Stimuli
The apparatus consisted of a wooden cubicle 213 cm high, 105 cm wide, and 43.5 cm deep. The infant sat on a parent's lap facing an opening 51 cm high and 93 cm wide in the front wall of the apparatus. The floor of the apparatus was covered with cream-colored contact paper, the side walls were painted cream, and the back wall was covered with lightly patterned contact paper. A platform 1.5 cm high, 60 cm wide, and 19 cm deep and covered with lightly patterned contact paper lay 4.5 cm from the back wall and centered between the left and right walls. To allow for smooth and quiet movement of the objects, a strip of blue felt lay lengthwise down the center of the platform. A slit in the back wall enabled the experimenter to reach into the apparatus and move the ball and the box. The slit was 6.5 cm high, 52.5 cm long, and was located 10 cm above the apparatus floor; cream-colored fringe helped conceal the slit. The box used in the box-ball event was 10.25 cm square, made of Styrofoam, covered with red felt, and decorated with silver thumbtacks. The ball was 10.25 in diameter, made of Styrofoam, and painted green with evenly spaced yellow, blue, and red dots. The screen was 21.5 cm high and 30 cm wide and made of blue cardboard. During the experiment the infant's head was approximately 78 cm from the objects on the platform.
A muslin-covered shade was lowered in front of the opening in the front wall of the apparatus at the end of each trial and remained lowered until the beginning of the next trial. Two muslin-covered wooden frames, each 213 cm high and 68 cm wide, stood at an angle on either side of the apparatus. These frames isolated the infant from the experimental room. To illuminate the stage, four 20-W fluorescent bulbs were affixed to the inside walls of the apparatus ͑one on each wall͒. No other lighting was used.
Two experimenters worked together to produce the ballbox event. The first wore a black glove and manipulated the objects. The second raised and lowered the shade that covered the front opening of the apparatus. The numbers in parentheses ͑see the following͒ indicate the time taken to produce the actions described. A metronome attached to the back of the apparatus blinked once per second to help the first experimenter adhere to the event scripts ͑because we did not want the event to have an auditory component, the metronome was set to blink, rather than to tick, once per second͒.
Prior to the start of each trial, the first experimenter gently tilted the box to the left and to the right, once to each side per second, at the left edge of the platform ͑infants' point of view͒. The screen stood upright at the center of the platform; the ball was hidden behind the right side of the screen. When the computer signaled the start of the trial, the first experimenter moved the box behind the left edge of the screen ͑2 s͒ and, after an appropriate interval, the ball emerged from behind the right edge of the screen and moved to the right end of the platform ͑2 s͒; the ball paused ͑1 s͒ and then the event was seen in reverse. The entire 10-s box-ball cycle was then repeated until the end of the trial. When in motion, the objects moved at a rate of 12 cm/s.
The amount of time infants spent looking at the ball-box event was recorded, and looking time data were time-locked to the neuroimaging ͑i.e., NIRS͒ data. Looking behavior was monitored by two observers who watched the infant through peepholes in the cloth-covered frames on either side of the apparatus. Each observer held a button box connected to a Dell computer and depressed a button when the infant attended to the event. Each trial was divided into 100-ms intervals, and the computer determined in each interval whether the two observers agreed on the direction of the infants' gaze. Interobserver agreement was measured for six of the infants ͑only one observer was present for one of the infants͒ and was calculated for each test trial on the basis of the number of intervals in which the computer registered agreement, out of the total number of intervals in the trial. Agreement averaged 96% per test trial per infant.
Infants were presented with four test trials that were 30 s in duration. Because analysis of the neuroimaging data requires baseline recordings of the measured intensity of refracted light, infants were also presented with a 10-s silent pause, during which time no visual or auditory event was presented, prior to each trial. A final 10-s silent pause followed the last trial. We chose 10 s as our pause interval because infants often become fussy with longer intervals and prior research indicates that 10 s is sufficient for blood flow to return to baseline levels. Finally, because failure to visually attend to the event could result in a decrease in hemodynamic response in the primary visual and/or inferior temporal cortex, we inspected the looking time data for data blocks, or trials, in which the infant ͑1͒ cumulated less than 20 s looking time or ͑2͒ looked away from the display for more than 5 consecutive seconds. There were no trials that failed to meet the behavioral criteria.
Instrumentation
The neuroimaging equipment contained three major components: ͑1͒ two fiber optic cables that delivered near-IR light to the scalp of the participant ͑i.e., emitters͒; ͑2͒ four fiber optic cables that detected the diffusely reflected light at the scalp and transmitted it to the receiver ͑i.e., detectors͒; and ͑3͒ an electronic control box that served both as the source of the near-IR light and the receiver of the reflected light. The signals received by the electronic control box were processed and relayed to a Dell Inspiron 7000 laptop computer. A custom computer program recorded and analyzed the signal.
Prior to event presentation, infants were fitted with custom-made headgear. The headgear consisted of two emitter probes sewn into a terrycloth headband. Each probe emitted light at two wavelengths, 690 and 830 nm. The former is more sensitive to deoxygenated blood, whereas the latter is more sensitive to oxygenated blood. One probe was positioned directly above the inion. This is the location in the primary visual cortex that Taga et al. 37 reported as optimal for recording activation in response to visual stimulation. The other probe was positioned directly above, and slightly behind, the left ear ͑T3 using the International 10/20 system for EEG recording͒. This location in the human inferior temporal cortex is thought to be analogous to the area in the monkey inferior temporal cortex that mediates object recognition and identification. 71, 73, 75 To measure the exiting light, two 1-mm detector optic fibers were positioned equidistant, in the horizontal plane, from each emitter probe. Interdetector distance was 2 cm. Each detector recorded both wavelengths of light. Each triad ͑one emitter and two detectors͒ was embedded in a 5.5-ϫ1.5-cm strip of 0.2-cm-thick nonelastic rubberized material ͑similar to a computer mouse pad͒ and then sewn into the headband, which was elasticized. Hence, the distance between the components of each triad did not vary by head circumference, whereas the distance between each triad did vary. The distance between the center of the two triads ranged from approximately 11 to 12 cm, depending on head circumference. Given that IR light diffuses quickly after passing through the skull and entering neural tissue, 49 it is unlikely that light released by the emitter of one triad would be registered by the detector of the other triad. Finally, to help ensure that infants would be comfortable wearing our headgear, when the infant's appointment was scheduled we instructed parents to periodically place a headband and/or hat on their infant's head on the days prior to the experimental test session.
Analysis of the Neuroimaging Data
The NIRS data were analyzed, for each neural area separately, in the following way. The raw signals from the two detectors from each neural area were digitized at 200 Hz for each of the eight channels, converted to optical density units, 42 digitally low-pass-filtered at 10.0 Hz to reduce measurement noise in the optical signal, and decimated to 20 samples/s. We performed principle component analysis ͑PCA͒ of the spatial covariance of this preprocessed data to design spatial filters to reduce systemic physiology and motion artifacts that were common to the eight channels of data. The PCA procedure followed is described in Zhang et al. 84 We used these filters to remove ϳ85% of the covariance of the data. This required filtering two or three principle components from the data, depending on the degree of motion in each data set. The number of principle components to filter from the data was chosen based on the corresponding significance of the hemodynamic response during the last 5 s of the 30-s stimulus presentation. Note that this filter did not discriminate the data based on wavelength or concentrations, as described in Zhang et al. 84 In this way, the designed filters focused primarily on motion artifacts, which are correlated across wavelength, where the hemodynamic response would not be correlated in the same way. These filtered data, for each of the two wavelengths ͑690 and 830 nm͒, were then converted to relative concentrations of oxygenated (HbO 2 ) and deoxygenated ͑HbR͒ blood using the modified Beer-Lambert law. 49 Changes in HbO 2 and HbR, as well as changes in total blood flow ͑HbT͒, were analyzed using 45-s time epochs composed of the following components: the 5 s immediately prior to the onset of the ball-box test event, the entire 30-s test event, and the 10 s immediately following the test event. The optical signals during the 45-s epoch were grand averaged over the seven participants and four test trials. However, trials were removed from the grand average when motion artifacts were detected ͑i.e., the entire epoch, including all channels, were removed when motion artifacts were detected͒. Motion artifacts were identified by a change in the filtered intensity of greater than 5% in 1/20 s during the 30 s that the stimulus was presented. Using this criterion, one participant contributed only three trials, and another only two trials. Finally, data were included only from those detectors that registered a significant change (p Ͻ0.05) from baseline in the signal during stimulus presentation. When a change in signal was observed in one detector, but not the other, the assumption was made that the latter detector was improperly placed relative to brain activation in the region of interest.
Results
Looking Time Data
The infants' looking times during the test trials were averaged and a grand average was computed ͓ M ϭ28.53, standard deviation ͑SD͒ϭ1.35͔. The infants looked almost continuously throughout the test trial, suggesting that they found the ballbox event engaging. The fact that the infants found the event so engaging may have contributed to the robust nature of the neuroimaging results ͑see later͒.
Neuroimaging Data
An example of raw optical data at 690 and 830 nm from the primary visual cortex and the associated single-subject, fourtrial block average is shown in Fig. 2 using different amounts of principle component filtering to illustrate the effect of the PCA on the raw data and the resultant block average, and to demonstrate that this stimulus produces a robust hemodynamic response that is observable trial by trial in the raw data. The typical hemodynamic response is for HbO 2 to increase and HbR to decrease following stimulus presentation, as we see in Fig. 2 . This results in an increase in absorption ͑i.e., optical density͒ at 830 nm and typically a decrease at 690 nm, as we see in Figs. 2 and 3 . The first row of Fig. 2 shows the raw, unfiltered data and reveals strong motion-induced fluctuations in the data prior to the first trial and during the 10-s interval between trials when the subject was not engaged and tended to move. The subsequent rows show the data filtered by one, three, and four principle components. The first component filters 40% of the covariance across the channels, removing a significant portion of the motion artifacts and producing a more typical response in HbO 2 and HbR that plateaus from 10 s to just after the stimulus ends at 30 s. Filtering the second and third components removes 73 and 85% of the variance, respectively, without significantly altering the hemodynamic response. The fourth component removes a summed total of 91% of the variance and significantly alters the hemodynamic response as well as decreasing the significance of the hemodynamic response. Thus, it is important to not overfilter the spatial covariance of the data as this can lead to a reduction of the hemodynamic response function. For all data sets included in this study, we typically filtered two or three components, removing approximately 80 to 90% of the variance.
The grand averaged hemoglobin concentration response curves are shown in Fig. 3 , where time of 0 s is when the test event began. Relative changes in HbO 2 , HbR, and HbT from 10 to 30 s following the initiation of the event are compared to the baseline from Ϫ5 to 0 s. The oxy-, deoxy-, and total hemoglobin concentration responses are significantly different from 0 (pϽ0.01). The visual cortex shows the typical response of a decrease in HbR and an increase in HbO 2 and HbT. Interestingly, the temporal region shows an increase in HbR as well as HbO 2 and HbT. This uncharacteristic increase in HbR is not a deactivation of the temporal cortex since it occurs in parallel with an increase in HbT, indicative of an increase in CBF. Instead, it suggests that the temporal cortex has a stronger increase in the ratio of oxygen consumption change to blood flow change relative to that taking place in the visual cortex. Furthermore, this uncharacteristic increase in HbR is likely a result of immature neurovascular coupling that has been observed in other NIRS studies of the infant brain. 28, 32, 34, 43, 44 Further research will be necessary to identify the physiological basis for the immature response observed in the inferior temporal cortex ͑e.g., a smaller increase in blood flow to the activated area and/or greater metabolic rates of the activated neural tissue͒, and the consequences this has for cognitive processing.
Discussion
In the presented research, neural activation, as measured by relative changes in cerebral blood flow, was obtained in the primary visual cortex and the inferior temporal cortex during an event in which two featurally distinct objects, a ball and a box, emerged successively to opposite sides of a screen. These results indicate that NIRS is a feasible method for assessing neural activation during visual object processing and suggest several directions for future research.
One direction is to determine the extent to which neuroimaging can provide a more direct measure of object individuation in infants. For example, to assess object individuation using the narrow-screen task, infants must be tested in two conditions: narrow and wide screens. Significantly longer looking to a narrow-than wide-screen test event is taken as evidence that infants ͑1͒ used the featural difference ͑e.g., shape, color͒ to individuate the objects, ͑2͒ recognized that both objects could fit behind the wide but not the narrow screen, ͑3͒ found full occlusion of both objects behind the narrow screen unexpected, and hence ͑4͒ demonstrated prolonged looking to the narrow-screen test event. Hence, interpretation of the behavioral data requires several inferences about the relation between cognitive processing and looking behavior during test events. Most visual attention tasks require inferences of this sort and, when supported by the outcome of appropriate control conditions, these inferences are considered valid. However, if successful performance on the narrow-screen task ͑i.e., longer looking to the narrow-than the wide-screen event͒ is associated with unique, well-defined patterns of neural activation, then neuroimaging data could be used to assess object individuation. Identification of a direct neural marker of object processing would be a major methodological advancement in the field of infant cognition and developmental neuroscience.
Another direction for future research is to identify the neural mechanisms that underlie developmental changes in infants' capacity to use featural information to individuate objects. The objects used by Wilcox and Baillargeon, 9,10 like those used in the presented experiments, varied on many feature dimensions ͑e.g., shape, color, texture͒. However, there is evidence that infants are not equally sensitive to all types of featural information. By 4.5 months, for example, infants use shape differences, but it is not until 11.5 months that they use color differences, to individuate objects. These findings are particularly intriguing because both the ventral and dorsal pathways are involved in shape analysis: the ventral pathway extracts shape from contour, whereas the dorsal pathway extracts structure from motion. [63] [64] [65] 85, 86 In contrast, only the ventral route is sensitive to color information. 66 Unfortunately, relatively little is known about the functional maturation of these two pathways. Infant performance on the narrow-screen task ͑or other object individuation tasks͒, and neuroimaging data collected during the task, could be used to dissociate the development of the object processing pathways that support infant use of shape and color information to individuate objects.
Once the neural basis of shape and color processing has been identified, we can begin to explore the effect of experience on neural functioning. Wilcox and her colleagues 11, 12 recently identified two kinds of experiences that can increase infant sensitivity to color information. These findings raise two very important questions. The first question is whether the change in behavioral response Wilcox and her colleagues have observed is accompanied by a corresponding change in neural response. Evidence that the response of inferior temporal neurons is altered by recent experiences ͑e.g., Gross 87 ͒ leads us to be optimistic. The second question is whether the effect of experience, observed both in behavioral and neural functioning, is transient or long term ͑e.g., once infants demonstrate increased sensitivity to color information, is this effect observed in the days and months following the experience͒.
Finally, it is imperative to explore the relation between cerebral hemodynamics and neural functioning in the developing infant brain. In the presented research, we focused on robust effects, mainly because the relation between cerebral hemodynamics and neural functioning in the infant is not fully understood. Interestingly, we found the typical increase in HbO 2 and associated decrease in HbR in the occipital cortex but an associated increase in HbR in the inferior temporal cortex. The typical response is universally observed in the mature, healthy human and animal brain. The combined increase in HbO 2 and HbR was observed previously in the immature brain by other optical studies, 28, 32, 34, 43, 44 and suggests that the brain-activation-induced flow response is reduced relative to the blood volume and/or oxygen consumption increase. It is expected that as the brain matures, the increase in HbR will shift to a decrease. Following this transition in a longitudinal study will lend more insight into the neurovascular relationship and how it evolves in the maturing brain. Furthermore, it is important to understand the evolution of this relationship to better interpret the correlation of neural response and cognitive processing.
